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PolyesteriﬁcationAbstract In this work, three aromatic amines (p-toluidine, p-nitroaniline and p-chloroaniline)
were chosen as bases for the repatriation of some nonionic polyesters. These amines were ethoxy-
lated with different total number of ethylene oxide units 6, 12, 18. The prepared ethoxylated amine
diols were polyesteriﬁed with maleic anhydride and polypropylene oxide polyethylene oxide block
copolymers in polyesteriﬁcation reaction. The demulsiﬁcation efﬁciency of these demulsiﬁers was
investigated using the bottle test. The effects of the molecular weight, concentration, asphaltene
content, water content, Hydrophile Lipophile Balance (HLB) and temperature on the demulsiﬁca-
tion efﬁciency were investigated. The surface active properties were correlated with their demulsiﬁ-
cation efﬁciency. It was found that, NAE18D gave the best result in the demulsiﬁcation process. The
demulsiﬁcation efﬁciency was discussed on the light of surface active properties, interfacial tension
and the factors affecting the demulsiﬁcation. The surface-active properties of the prepared demul-
siﬁers were measured at 60 C.
ª 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of Egyptian Petroleum Research
Institute. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
Water-in-oil emulsions were stabilized by a wide range of
materials that appear naturally in the heavy crude oil, such
as asphaltenes (natural surfactants) and clays [1]. To resolve
water from the emulsion to meet the pipeline and shipping
speciﬁcations, the destabilization of emulsion is essential.
Demulsiﬁcation can be achieved by three means: mechanical,
electrical, and chemical. The addition of chemicals in terms
of demulsiﬁers was the most widely used method [2].An effective demulsiﬁer was a surface-active compound
that can adsorb onto the water/oil interface and change its
properties such that water droplets aggregate and coalescence
[3–11]. A great number of demulsiﬁers have been developed
during the past decades. Since the 1930s, the nonionic surfac-
tants have been introduced and have found wide application as
demulsiﬁers. It is well-known that a nonionic surfactant con-
tains two different groups: hydrophilic and hydrophobic.
The hydrophilic part commonly includes oxyethylene, hydro-
xyl, carboxyl, or amine groups, while the hydrophobic part
includes mainly groups of the alkyls, alkylphenols, or
oxypropylenes. The efﬁciency of a demulsiﬁer was determined
by the nature of the emulsion and the characteristics of the
used demulsiﬁer. Currently, in the oil industry, the selection
of a demulsiﬁer was still based mainly on trial and error after
Table 2 Physicochemical properties of the used untreated
crude oils.
Speciﬁcation Method Asphaltenic
crude oil
Waxy crude
oil
Type I Type II Type III
Speciﬁc gravity
(60/60 F)
IP 160 0.973 0.874 0.8156
API gravity at 60 F IP 160 26.29 40.955 43
Kinematic viscosity at
60 F (c. St)
IP 71 294.972 222.87 2.5
Asphaltene content (wt.%) IP1 43 8.7 7.2 1.6
Wax content (wt.%) UOP 46 2.5 2.9 15.4
Water content (vol.%) ASTM,
D – 4006
0.5 0.5 0.5
364 A.M. Al-Sabagh et al.some preliminary screening such as the bottle test using the
Sany glass. However, attempts have been made to correlate
the efﬁciency of demulsiﬁers with their surface, interfacial,
and chemical properties [12].
The ﬁrst object of the present work focuses on the prepara-
tion of a new family of nonionic polyesters to use them in the
resolution of water in crude oil emulsion. The novel polyesters
are based on new diols. These diols are ethoxylated (p-
toluidine, p-nitroaniline and p-chloroaniline) at three different
ethylene oxide units. The polyesters were characterized and
performed as demulsiﬁers at different water and asphaltene
contents of emulsion. The second object of this work was to
investigate the surface and interfacial properties of these polye-
sters, to correlate them with their demulsiﬁcation efﬁciency.
The work was extended to study the factors affecting the
demulsiﬁcation efﬁciency.
2. Experimental
2.1. Materials used
2.1.1. Chemicals used
Aromatic amines; p-toluidine, p-nitroaniline and
p-chloroaniline were supplied from Aldrich chemical company
whereas maleic anhydride was obtained from Merck chemical
company. Polyethylene oxide polypropylene oxide block
copolymer 5000 was supplied from Stepan chemical company.
The other chemicals were of technical grade and were used as
received without further puriﬁcation.
2.1.2. Formation water used
The sample of formation water was obtained from the Petro
Gulf Company, Suez Gulf, Egypt and its physicochemical
characterization is shown in Table 1.
2.1.3. Crude oil used
Two types of asphaltenic crude oils were submitted by the Suez
Oil Company (SUOCO), East Desert, Egypt and one waxy
crude oil was submitted by the Qarun Petroleum Company,
West Desert, Egypt and their general physicochemical proper-
ties are shown in Table 2.
2.2. Preparation of the demulsiﬁers
2.2.1. Ethoxylation of aromatic amines
p-Toluidine, p-nitroaniline and p-chloroaniline were charged
into a closed reaction vessel individually with 0.5 g Na–metal
as a catalyst and heated to between 150 and 180 C with con-
tinuous stirring while passing a stream of nitrogen gas through
the system for 2 min. The nitrogen stream was, then, replaced
by ethylene oxide gas at a rate, which was regulated byTable 1 General characterization of formation water.
Total dissolved solids 44,372 mg/L
Resistivity 0.01915 Ohm m at 19 C
Conductivity 52.2 mS/M at 19 C
Density 1.0322022 g/ml
pH 7.74 at 19 C
Salinity 39,996 mg/L
Speciﬁc density 1.03304monitoring the Hg level of the manometer. The reaction was
carried out for different interval times after which the appara-
tus was ﬁlled with nitrogen, cooled and the reaction vessel was
weighed. The difference in weight indicated the amount of
ethylene oxide consumed in the reaction. The number of moles
of ethylene oxide can be calculated on the basis of the number
of amine moles. [10,13]. The total number, n, of ethylene oxide
units were 6, 12 and 18. The product was then dissolved in iso-
propanol and then salted out with supersaturated NaCl solu-
tion. The organic layer was then separated and isopropanol
was distilled off. The ethoxylated product obtained showed a
brown viscous liquid appearance.
2.2.2. Polyesteriﬁcation of the ethoxylated aromatic amines
The ethoxylated aromatic amines (0.55 mol) were charged
individually into the reaction vessel with (0.55 mol) block
copolymer, the reaction mixture was heated to 80 C in N2
atmosphere then 1 mol of maleic anhydride was added, and
the temperature was raised to 190–200 C for 4 h. The extent
of the reaction was followed-up by monitoring the acid value.
The reaction product was permitted to cool at room tempera-
ture and was stored in a dark reagent bottle [8]. The molecular
weight and the polydispersity were determined by GPC and
the nitrogen content was determined by the quartz method.
Table 3 shows the chemical designations and some physical
properties for the prepared polyesters. The general formula
for the prepared aromatic polyester surfactants are shown in
Fig. 1.
IR spectra are recorded in a Fourier transform infrared
spectrophotometer (FT-IR 1615, Perkin Elmer, USA) with
KBr pellets.
2.3. Preparation of water in crude oil emulsions
In a 250 ml beaker, the crude-oil was stirred at 25 C (200 rpm)
while the formation water was added gradually to the crude oil
until the two phases became completely homogenized [14]. The
emulsions were produced at different ratios of crude oil to
water, namely 90:10, 70:30 and 50:50, respectively.
2.4. Hydrophile Lipophile Balance (HLB)
The HLB of the prepared demulsiﬁers were calculated accord-
ing to the most commonly used formula for the nonionic sur-
factant; HLB = 20 ·MH/(MH +ML)
Figure 1 Scheme of reaction.
Table 3 Name, designation and physical characterization for the prepared aromatic polyesters.
Demulsiﬁer ‘‘Surfactant’’ Demulsiﬁer
designation
M.Wt. Poly
dispersity
Repeating
unit
HLB Alkylene
oxide
Nitrogen content (%)
EO PO Experimentally Calculated
Ethoxylated (6) p-toluidine polyester TE6D 18,386 1.13 3.3 8.9 231 112.2 0.27 0.26
Ethoxylated (12) p-toluidine polyester TE12D 17,499 1.19 3.3 9.6 257.4 112.2 0.26 0.24
Ethoxylated (18) p-toluidine polyester TE18D 16,088 0.99 2.9 10.4 255.2 98.6 0.25 0.23
Ethoxylated (6) p-nitroaniline
polyester
NAE6D 27,109 1.13 5.1 8.9 357 173.4 0.28 0.26
Ethoxylated (12) p-nitroaniline
polyester
NAE12D 24,170 1.02 4.3 9.6 335.4 146.2 0.26 0.24
Ethoxylated (18) p-nitroaniline
polyester
NAE18D 22,078 1.16 3.6 10.3 316.8 122.4 0.24 0.23
Ethoxylated (6) p-chloroaniline
polyester
CAE6D 24,071 1.21 4.5 8.8 315 153 0.27 0.26
Ethoxylated (12) p-chloroaniline
polyester
CAE12D 22,061 1.03 3.9 9.5 304.2 132.6 0.25 0.24
Ethoxylated (18) p-chloroaniline
polyester
CAE18D 18,170 1.15 3.0 10.2 264 102 0.25 0.22
Resolution of water in crude oil emulsion 365where: MH was the formula weight of the hydrophilic por-
tion of the molecules and ML was the formula weight of the
lipophile (hydrophobic) portion of the molecule [15].
2.4.1. Surface active parameters
The surface active properties of the prepared surfactants, max-
imum surface pressure (pcmc), maximum surface excess concen-
tration at surface saturation (Effectiveness, Umax), theminimum surface area per adsorbate molecule of solute
(Amin), the free energy of micellization (DGmic) and the free
energy of adsorption (DGads) were calculated using the follow-
ing equations: [15]
pcmc ¼ co  ccmc ð1Þ
Cmax ¼ 107½1=nRT½dc=d lnCT ð2Þ
366 A.M. Al-Sabagh et al.Amin ¼ 1016=½Cmax*NA ð3Þ
DGmic ¼ ð2 bÞRT lnCMC ð4Þ
DGads ¼ DGmic  ½0:6022 pcmc  Amin ð5Þ
where, co is the surface tension measured for pure water at
the appropriate temperature, ccmc is the surface tension at
CMC, c is the surface or interfacial tension (mN/m), C is the
concentration of surfactant (mol/l), C was the surface excess
concentration in mol/cm2, R is the molar gas constant
(R= 8.314 J/mol K), T is the absolute temperature = 333 K,
Amin is the surface area per molecule of solute in square ang-
strom (Ao2/molecules), NA is Avogadro’s number (6.023
· 1023 molecules/mol) and n is the number of solute species
(The value of n is equal to 1 in the nonionic surfactants).2.4.2. Interfacial tension
The interfacial tension between the surfactant solutions and
the crude oil was measured via spinning drop method on
KRUSS spinning drop interfacial tension apparatus
(Germany). The principle behind obtaining interfacial tensions
using the spinning drop method is that oil (low density) forms
long oval drops in the water phase (high density) when sub-
jected to centrifugal force, gravity and interfacial tensions.
Its major and minor axes are L and D, respectively.
The surfactant in distilled water solution as outer-phase
was injected into the glass tube, and 3–4 lL crude oil as
inner-phase was put into the middle of the tube. Then, the
interfacial tension was measured applying a rotating velocity
of 5000–6500 rpm in all cases as usual.
This technique relies on the fact that gravitational accel-
eration has little effect on the shape of a less denser ﬂuid
drop suspended in a denser liquid, when the drop and the
liquid are contained in a horizontal tube spun about its lon-
gitudinal axis. At low rotational velocities, x, the ﬂuid drop
will take an ellipsoidal shape, but when x is sufﬁciently
large, it will become cylindrical. The shape of the oil drop
is controlled by a balance between centrifugal forces, which
tend to elongate the drop, and interfacial forces, which tend
to oppose elongation as to reduce the interfacial area. This
theory holds true only if the ﬂuids are in gyrostatic equilib-
rium (or rigid body rotation), i.e., if every element of the
ﬂuid inside the rotating tube is stationary relative to the
wall of the tube. Gyrostatic equilibrium is only attained
at high enough rotation rates that gravitational forces per-
pendicular to the axis of rotation are negligible compared
with centrifugal forces. When L/DP 4, the measurements
of interfacial tension is obtained based on Vonnegut’s for-
mula [16]:
c ¼ Dqx2R3=4 ð6Þ
where c (mN m1) is the interfacial tension, Dq (g cm3) is
the density difference between the drop and the surrounding
ﬂuid, x (rad s1) is the angular velocity and R (cm) is the drop
radius. The formula has been shown to be valid within 0.1%
accuracy if the drop is in equilibrium and the length of the
drop exceeds four times its diameter. In other words, this equa-
tion is only valid if the ratio of the drop length to diameter
(L/d) is greater than 4 [17–19].
The spinning drop interfacial tensiometer yields the param-
eter p, which is the reciprocal of speed. Thus, the metrical dropdiameter is not the actual size but an apparent diameter d.
Therefore, the equation can be transformed into:
c ¼ 1:2336Dq ð1=pÞ2 ðd=nÞ3 ð7Þ
where d, p and n are the drop apparent diameter, reciprocal
of speed and solution refractive index, respectively. 1.2336 is
the correction factor applicable when pure water is the outer
ﬂuid [20,21]. [When L/d< 4, Eq. (7) should be modiﬁed as
follows:
c ¼ 1:2336Dqð1=pÞ2 ðd=nÞ3fðL=dÞ ð8Þ
where f(L/d) is a correction factor related to L/d and has
been tabulated elsewhere [20].
A value for n of 1.33 was used in the calculations over the
entire temperature range, since the refractive index of water is
virtually invariant with temperature and this will introduce
minimal errors to the calculation [22].
The spinning drop method is believed to be the most accu-
rate method to measure low interfacial tensions. So, it has been
very successful in the measurement of ultralow interfacial ten-
sions down to 106 mN/m for water surfactant system [21].
2.5. Demulsiﬁcation performance using the bottle test
The graduated bottle test (Sany glass) was used to estimate the
efﬁciency of the demulsiﬁers toward resolving W/O emulsions.
Each demulsiﬁer was dissolved in xylene (20% active material)
and then added to 100 ml of the previously prepared emulsion
at different concentrations (ppm). The mixture was added to a
100-ml Sany glass and then was shaken vigorously for 1 min.
The bottle was placed in a thermostated water bath at 50, 60
and 70 C. Water separation (mls) was observed at different
times depending on the efﬁciency of the undertaken surfactants
(demulsiﬁers) under investigation. A blank was considered in
each set of experiments.
3. Results and discussion
3.1. Synthesis and spectral characterization
Different aromatic amines; p-toluidine, p-nitroaniline and p-
chloroaniline were individually condensed with ethylene oxide
gas in nitrogen atmosphere in the presence of triethylamine as
a catalyst at 80 C for different periods of time. The prepared
ethoxylated amines with 6, 12 and 18 oxyethylene units were
used, as new diols, in the preparation of the polyesters.
Each ethoxylated amine (diol) was allowed to condense
with dibasic acid and block polymer (diol) to get the corre-
sponding polyester amine.
The structures of the ethoxylated amines are conﬁrmed by
FTIR. The FTIR spectra for 14E10 as a representative sample
(Fig. 2a), show a characteristic broad band due to OH stretch-
ing at 3470 cm1. The peak at 1100 cm1, due to C–O–C
stretching, indicates the formation of the ether bond in the
ethylene oxide ‘‘CH2 CH2OCH2 CH2’’. The absence of peaks
of amine group in the range 3200–3400 cm-1 means that the
two hydrogen of the amine are replaced by ethylene oxide
units.
Each ethoxylated amine (diol) is allowed to condense with
dibasic acid and block polymer (diol) to get the corresponding
polyester amine. The structure of the prepared polyesters is
Resolution of water in crude oil emulsion 367examined using the FTIR. The FTIR spectrum of 14E12D as a
representative sample, is shown in Fig. 2b. The appearance of
a broad band at 3490 cm1 is due to OH stretching vibration
and the strong band at 1730 cm-1 is due to the carbonyl
C‚O group of ester stretching vibration. Nitrogen content
in Table 3 indicates that, the experimental and theoretical val-
ues are nearly close. This means that the synthesis and puriﬁ-
cation are performed successfully. The nitrogen content of
polyesters increases with the increase in the molecular weight.
The generalized chemical structure for the prepared polyesters
is formulated from consideration of the nitrogen content and
molecular weight of different polyesters.Wave Numb
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Figure 2 FTIR for (a) NAIt is also found that, the HLB generally increases with the
number of the ethylene oxide content of the polymer.
(Table 3).
Molecular weight determination (Table 3) clearly shows
that, the increase in ethylene oxide units apparently causes a
hindrance for the polyesteriﬁcation reaction to form a high
molecular weight polymer. The decrease in molecular weight
with the increase in ethylene oxide units follows the order
(18,386 > 17,499 > 16,088) for TE6P, TE12P and TE18P
respectively. The polydispersity is found to equal unity or very
near to unity which means that the nonionic polymers are in
ideal conformation.er cm-
-
1
er cm 1
E12 and (b) NAE12D.
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The data presented in Table 4 show some of the surface-active
properties for the prepared aromatic polyester surfactants. It
may be observed that the cmc for the prepared aromatic polye-
sters, generally increased with increasing the number of ethy-
lene oxide units per molecule. This behavior may be due to
that, increasing ethylene oxide increases hydrophilicity, which
increases solubility of the surfactant in water. Such improved
solubility lowers the tendency for surfactants to form micelles
in water and increases the cmc. The CMC values can be con-
sidered as a measure of the efﬁciency of the surfactant to
reduce surface tension.
Maximum surface tension reduction was effected in the
polyesters which has ten oxyethylene units. For instance, the
cCMC were 32.7, 31.3 and 30.5 mN/m for p-chloroaniline
ethoxylated with 6, 12 and 18 ethylene oxide units respectively.
Thus, apparently a total of 12 ethylene oxide units were neces-
sary to produce hydrophilic character contributing to the opti-
mum reduction of surface tension of surfactant solutions.
The data included in Table 4 indicated that the maximum
surface pressure ‘‘pcmc’’ was slightly affected by the number
of ethylene oxide units of the surfactant molecule. However,
it may be generally recognized that, the compounds containing
ten ethylene oxide units were more capable of reducing the sur-
face tension, irrespective of the type of amine constituting the
polyester surfactant.
Of prime importance, the maximum surface excess concen-
tration at surface saturation ‘‘effectiveness’’ ‘‘Umax’’ and the
minimum area per molecule ‘‘Amin’’ were calculated and are
illustrated in Table 4. The maximum surface excess concentra-
tion ‘‘Umax’’ ranged from 0.79 · 1010 to 1.33 · 1010 -
mole/cm
2
. The minimum area occupied per molecule ‘‘Amin’’
was within the range 1.2 · 102–2.09 · 102 nm2. Amin values
tabulated in Table 4 increased with an increase in the total
number of ethylene oxide units. This was because Amin
depends mainly on the adsorption at interfaces, which in turn
is affected by the total number of ethylene oxide units.
The free energy changes of micellization, DGmic, DGads
increase in negativity than DGmic. That showed the higher ten-
dency of these amphiphiles toward adsorption rather than
micellization then the adsorption will be accompanied with
micellization at last. The tendency toward adsorption was
referred to the interaction between the aqueous phases and
the hydrophobic chain which pump the amphiphile molecules
to the interface. This means that, the micellization of theseTable 4 Surface active properties for the prepared aromatic polyes
Polyesters,
demulsiﬁer
CMC
·104 mol/l
ccmc
(mN/m)
Maximum surface pressure
‘‘pcmc’’ (mN/m)
E
(m
TE6D 2.4 34.3 31.94 1.
TE12D 2.6 33.4 32.84 1.
TE18D 2.9 32.4 33.84 0.
NAE6D 1.9 32.8 33.44 1.
NAE12D 2.6 31.9 34.34 0.
NAE18D 3.4 30.4 35.84 0.
CAE6D 1.5 32.7 33.54 1.
CAE12D 2.6 31.3 34.94 0.
CAE18D 3.4 30.5 35.74 0.polymeric esters, in the solution, was inhibited more than the
adsorption at the liquid/air interface, or the adsorption was
facilitated more than micellization. This ﬁnding led us to use
theses polymeric esters in the demulsiﬁcation process, because
the demulsiﬁcation ﬁrst depends on the efﬁciency of adsorp-
tion of the surfactant on the interface.
3.3. Interfacial tension
The interfacial tension between crude oil and water depends on
the composition of oil. The interfacial tension between the
three investigated untreated crude oil phase and the formation
water was measured using the spinning drop tensiometer and
the interfacial tension values were 19.0, 17.5 and 14 mN/m
for Type I, Type II and Type III respectively. The addition
of the prepared demulsiﬁers reduces the interfacial tension sig-
niﬁcantly. This is clear in Table 5. The data included in Table 5
and 6 indicated that, the IFT of the untreated oil (without
demulsiﬁer) is higher than the treated one. The long time
was taken for complete water separation of 10% water in oil
emulsion (4 weeks and 3 days) against type I crude oil,
(4 weeks) against type II and 120 min against Type III. This
is may be due to the presence of asphaltene on the interface
which makes hindrance of water droplets to coalescence with
others to separate. By inspection of the data in Table 5, it
was found that, the addition of demulsiﬁer plays an important
role to reduce the IFT on the interface farther the demulsiﬁca-
tion process occurs. The asphaltene content in the crude oil
stabilizes the water-in-oil emulsion. The demulsiﬁcation pro-
cess was very sensitive to the demulsiﬁer alkyl chain length
and ethylene oxide units. The maximum demulsiﬁcation
efﬁciency was exhibited by TE18D (1.5, 6. 1 · 101 and
4.5 · 102 mNm1) against the used crude oil types I, II and
III. The lowest demulsiﬁcation efﬁciency was obtained by
TE6D (5, 8.5 · 101 and 7.1 · 102 mNm1) respectively.
Also it was found that the IFT values for the demulsiﬁer
against waxy crude oil were lesser than the values, which were
obtained by the same demulsiﬁer against the asphaltenic crude
oil. This may be due to the presence of asphaltene that gives
the highest values of the IFT, which is associated with the
highest emulsion stability during the demulsiﬁcation process.
Theincrease in e.o units may increase the adsorption of surfac-
tant molecules on the oil-in-water interface. The adsorption of
surfactant molecules on the interface minimizes the interfacial
tension between the water and oil, which leads to formunstable
water in oil emulsion. Thus, apparently a total of 18 ethyleneters at 60 C.
ﬀectiveness x 1010,‘‘Umax’’
ol/cm2)
Amin · 102 A˚2 DGmic
(kJ mol1)
DGad(kJ mol
1)
33 1.24 23.2 25.5
04 1.51 22.9 26
99 1.65 22.6 26
15 1.44 23.3 26.6
96 1.72 22.9 26.4
86 1.92 22.1 26.2
06 1.56 24.4 27.5
87 1.90 22.9 26.9
79 2.09 22.1 26.6
Table 5 Interfacial tension measured at 60 C and 500 ppm.
Demulsiﬁer Interfacial tension, mN/m
Crude oil Crude oil Crude oil
Type I Type II Type III
Untreated 19 17.5 14
TE6D 5 8.5 · 101 7.1 · 102
TE12D 3.5 7.4 · 101 5.5 · 102
TE18D 1.5 6.1 · 101 4.5 · 102
NAE6D 6 · 101 4.5 · 102 3.5 · 103
NAE12D 4 · 101 2.5 · 102 1.8 · 103
NAE18D 3.1 · 101 1.3 · 102 1.1 · 103
CAE6D 8.1 · 101 6.5 · 102 7.5 · 103
CAE12D 7.5 · 101 4.2 · 102 7.1 · 103
CAE18D 6.1 · 101 3.5 · 102 6.5 · 103
Resolution of water in crude oil emulsion 369oxide units NAE18D were necessary to produce hydrophilic
character contributing to the optimum reduction of interfacial
tension of surfactant solution.
3.4. Factors affecting the demulsiﬁcation efﬁciency
The previous discussion was devoted to characterize the most
fundamental physicochemical and performance properties of
the prepared polymeric surfactants in an attempt to under-
stand the mutual relationship between the structure of the sur-
factant and its interfacial and most important performance
behavior. As a matter of fact, the polymeric surfactants might
have varying demulsifying capabilities. Consequently, the fol-
lowing discussion will deal with the most important observa-
tions of the efﬁciency of the prepared surfactants as
demulsiﬁers for water in crude oil emulsions. Several factors
affect the demulsiﬁcation process, some of them depend on
the characteristics of the continuous phase, such as viscosity
and asphaltene content in crude oil. Other factors, however,
depend on the structural modiﬁcation of the demulsiﬁer
used.
3.4.1. Molecular weight effect
An increase in the molecular weight may lead to lowering the
mobility of the demulsiﬁer in the emulsion. Some investigatorsTable 6 Demulsiﬁcation efﬁciency for the prepared aromatic
polyesters with asphaltenic crude oil (7.2%) containing 10%
formation water at 60 C.
Demulsiﬁer M.Wt. HLB Time taken for 10 % complete water
separation at diﬀerent concentrationsa
(min)
200 ppm 300 ppm 400 ppm
TE6D 18,386 8.9 65 45 25
TE12D 17,499 9.6 50 40 20
TE18D 16,088 10.4 50 30 20
NAE6D 27,109 8.9 65 45 20
NAE12D 24,170 9.6 60 40 20
NAE18D 22,078 10.3 55 35 15
CAE6D 24,071 8.8 70 40 25
CAE12D 22,061 9.5 65 35 20
CAE18D 18,170 10.2 60 30 20
a Time taken, for 10% water separation at 0 ppm= 4 weeks and
3 days.[23–24] have studied the relationship between the molecular
weight of demulsiﬁers and their efﬁciency and they found a
direct relation between the molecular weight and the efﬁciency
of demulsiﬁers [6]. Careful inspection of Tables 6–8 and Fig. 3
shows that, the molecular weight of the polymeric surfactant
has a pronounced effect on the demulsiﬁcation of crude oil
emulsions. Thus, the lowest molecular weight surfactants cause
separation of the emulsion in much shorter time. This
enhanced demulsiﬁcation may be due to that; the high molec-
ular weight polymeric demulsiﬁers cannot easily disperse in the
viscous crude oil mass, which form the continuous phase.
Hence, they cannot penetrate the rigid ﬁlm formed by the nat-
ural emulsion stabilizer (asphaltene) which protect the dis-
persed water droplets and prevent them from coalescence.
Polymeric surfactants comport onset as demulsiﬁers much
more than the monomeric surfactants. This may be due to
the fact that, the polymeric surfactants have a greater ability
to displace the natural emulsiﬁers forming the rigid ﬁlm of
the interface around the dispersed water droplets [25]. These
polymeric surfactants, however, have an enhanced ability to
trap the dispersed solid particles, which, due to their electro-
static repulsion aid in the emulsion stability and consequently,
they prevent the dispersed water droplets from coalescence.
When these charged particles were trapped, by the surfactant
molecules, the coalescence phenomenon can readily take place.
The enhanced ability of polymeric surfactants to trap the dis-
persed solid particles was due to the large size of the surfactant
molecule. This property causes the surfactant molecules to
sweep easily the dispersed solid particles in the emulsion
through their molecular mass.
3.4.2. Hydrophile Lipophile Balance ‘‘HLB’’ effect
The HLB was one of the most important factors determining
the emulsion stability which reﬂects on the demulsiﬁcation
process [26–28]. The relationship between HLB of the different
polymeric amine surfactant and the time taken for water sep-
aration from crude oil emulsions is illustrated in Tables 6–8.
The efﬁciency for surfactants as demulsiﬁers was correlated
with HLB as indicated in Tables 6–8 and Fig. 3. It was found
that, all the studied surfactants have HLB values within the
range of 8–11. Those surfactants with higher ethylene oxide
units have higher HLB values and succeed in separating waterTable 7 Demulsiﬁcation efﬁciency for the prepared aromatic
polyesters with asphaltenic crude oil (7.2%) containing 30%
formation water at 60 C.
Demulsiﬁer Time taken for 30% complete water separation at
diﬀerent concentrationsa (min)
200 ppm 300 ppm 400 ppm
TE6D 45 35 25
TE12D 40 30 20
TE18D 35 25 15
NAE6D 50 35 20
NAE12D 45 30 20
NAE18D 40 25 15
CAE6D 45 30 25
CAE12D 40 25 20
CAE18D 35 20 20
a Time taken, for 30% water separation at 0 ppm= 2 weeks and
5 days.
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Figure 3 Demulsiﬁcation efﬁciency for the prepared surfactants to resolve asphaltenic crude oil emulsions (7.2% asphaltene content)
with (a) 10%, (b) 30% and (c) 50% water content.
Table 8 Demulsiﬁcation efﬁciency for the prepared aromatic polyesters with asphaltenic crude oil (7.2%) containing 50% formation
water at 60 C.
Demulsiﬁer ‘‘Surfactant’’ Time taken for 50% complete water separation at diﬀerent concentrations* (min)
25 ppm 50 ppm 100 ppm 200 ppm 300 ppm 400 ppm 500 ppm
TE6D 65 55 50 45 30 25 20
TE12D 60 50 45 40 25 25 20
TE18D 55 45 40 35 25 25 20
NAE6D 65 45 35 30 25 20 10
NAE12D 60 40 30 30 20 20 10
NAE18D 55 35 30 30 20 15 10
CAE6D 70 55 45 35 20 15 15
CAE12D 65 50 45 30 20 15 10
CAE18D 60 45 40 25 15 15 10
* Time taken, for 50% water separation at 0 ppm= 1 weeks and 5 days.
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Fig. 3 (continued)
Resolution of water in crude oil emulsion 371from the crude oil in a small time interval, whereas those with
low ethylene oxide units and low HLB values fail to separate
the emulsion in a small time interval. The time taken to sepa-
rate the emulsion with 7.2% asphaltene and 30% formation
water at 60 C using 400 ppm from NAE6P (HLB = 8.9),
NAE12P (HLB = 9.6) and NAE18P (HLB = 10.3) was as fol-
lows 40 > 35 > 30 min respectively. So, the data clearly
showed that higher HLB of the surfactant results in enhanced
demulsifying capability.
3.4.3. Effect of the demulsiﬁer concentration
One of the most important parameters governing the adsorp-
tion of demulsiﬁers at the interface, is the demulsiﬁer concen-
tration [14]. The effects of the investigated demulsiﬁers on the
dewatering percentage are shown in Tables 6–8 and Fig. 4. An
increase in the surfactant concentration from 200 to 400 ppm
with respect to 10% and 30% water content and from 25 to
500 ppm with respect to 50% water content greatly reduced
the time required for complete water separation of the crude
oil emulsions and thus, fast demulsiﬁcation could be achieved.
These data indicated that, the increase in the demulsiﬁer con-
centration leads to an increase in the adsorption of the demul-
siﬁer molecules on the W/O interface, which thus replace thenative emulsiﬁers (asphaltene). This decreases the mechanical
stability of the interfacial ﬁlm. The stability of this ﬁlm contin-
ues to decrease until being thinner, and then collapses totally
with further adsorption of the demulsiﬁer agent on the
interface.
3.4.4. Effect of water content
Chemical demulsiﬁcation depends on the quantity of water in
crude oil emulsions. Consequently, water in crude oil emul-
sions was prepared with rates of 10%, 30%, and 50% water
content. From the data in Tables 6–8 and the illustrations in
Figs. 3 and 4, it was clear that as the water proportion of
the emulsion increases, breaking of the emulsion becomes
easier and only shorter periods are required for separation of
water from crude oil. In the low water content, the drainage
of water was so difﬁcult because the internal water pressure
of water droplets was lesser than the pressure of continuous
phase ‘‘outer oil phase’’, this may lead to a decrease in the
chance of water droplets’ assemblage to growth up and thin-
ning the ﬁlm interface [14–19]. On the other hand, it can be
shown that, the increase in the water content up to 10% and
30% leads to minimize the time taken for complete demulsiﬁ-
cation. This behavior may be due to the increase in the water
Figure 4 Demulsiﬁcation efﬁciency for (a) NAE6P, (b) NAE12P and (c) NAE18P to resolve asphaltenic crude oil emulsions (7.2%
asphaltene content).
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the drainage velocity.
Several observations can be noticed by the inspection of
Tables 6–8 and Figs. 3 and 4, which illustrates the data
obtained for the demulsiﬁcation of 7.2% asphaltenic crude
oil emulsions containing 30%, 50% and 70% formation water.
It was obvious that the separation of water from crude oil
emulsions was directly proportional to the HLB of the demul-
siﬁer, and the number of ethylene oxide units in the molecule,
irrespective of the type of the aromatic amine of the polymeric
surfactant. The demulsiﬁcation was improved by an increase in
the concentration of the demulsiﬁer from 200 to 400 ppm.
However, the prepared polyester surfactants which are based
on aromatics show satisfactory demulsifying efﬁciency. The
demulsiﬁer NAE18P exhibited the shortest time for complete
emulsion breaking.
3.4.5. Temperature effect
In the present study, the inﬂuence of temperature on the
demulsiﬁcation efﬁciency was investigated. In Fig. 5, TE18Phas been selected to show the effect of temperature on the
demulsiﬁcation efﬁciency. The results show that, a rise in the
temperature from 50 C to 70 C caused improved demulsiﬁca-
tion efﬁciency toward the hard asphaltenic crude oil (8.7%
asphaltene content). These enhancements in efﬁciency lead to
the speculation that, emulsions commonly encountered in pro-
ducing crude oil were stabilized by ﬁlms, which were formed at
the water–oil interfaces and interfered with coalescence of the
dispersed water droplets. These emulsion-stabilizing ﬁlms were
composed of interfacially active materials from the asphaltene
and resin fractions of the crude oil combined with ions from
the aqueous phase and insoluble ﬁnes in the crude oil–brine
system. Emulsion stability can be decreased by conditions that
reduce the ﬁlm forming capacity of the crude oil. These ﬁlms
can be minimized or their physical properties altered by an
increase in the temperature via two routes [29]. The ﬁrst is
an increase in the rate of coalescence by offering adequate
energy for the bombardment of two droplets occurring prior
to coalescence. The second is causing reduction in the contin-
uous phase viscosity; this facilitates the kinetic motion of the
Figure 5 Effect of temperature on the demulsiﬁcation efﬁciency
for TE18P to resolve hard asphaltenic crude oil emulsions.
Figure 6 Demulsiﬁcation efﬁciency for some selected aromatic
polyesters to resolve waxy crude oil emulsions.
Resolution of water in crude oil emulsion 373dispersed water droplets, hence, causing increased bombard-
ment resulting in ﬁlm relaxation, ﬁlm rupture and coalescence.
[30–31]
In other words, an increase in the temperature appears, pri-
marily to reduce the viscosity of the continuous phase (oil) and
increase the rate of collision between the emulsiﬁed droplets
‘‘water’’. As a result, the density difference between the aque-
ous and oil phase (usually) increases and hence induces separa-
tion of water droplets. Higher temperatures may increase the
solubility of emulsiﬁers, from interface, into oil phase, result-
ing in weaker ﬁlms and greater degrees of water droplet coales-
cence and separation. The interfacial turbulence that was
frequently observed during heat or mass transfer across an
interface, was commonly referred to as the Marangoni effect,
and recognized as being due to surface tension variations
[32–34]. The rate of diffusion of the demulsiﬁer molecules to
the interface will increase with temperature and concentration
of the demulsiﬁer. The interfacial tension thus decreases faster
at high concentrations and temperatures as shown in
Tables 6–8 and Figs. 3–5.
3.4.6. Asphaltene content effect
Since asphaltene was recognized as the main chemical con-
stituent of crude oil, which acted as a natural emulsiﬁer caus-
ing the production of water in oil emulsion in crude oil, it may
be reasonable that, the presence of a great content of asphal-
tene will result in much stable W/O emulsions. Generally, in
asphaltenic crude oil, the water/oil emulsion was stabilized
by the high mechanical stability of asphaltene on the interface.
[35–36]. The data presented in Figs. 3 and 4 illustrate the capa-
bilities of the different prepared amine polyester surfactants in
demulsifying water in crude oil emulsions containing 7.2%
asphaltene. However, in some particular cases, crude oil emul-
sions were formed by much less content of asphaltene. Thus,
Fig. 6 illustrates the data obtained upon examination of some
of the prepared amine polyester surfactants to separate the
water/oil emulsions (1.6% asphaltene). Evidently it may be
shown that only smaller amounts of demulsiﬁers were sufﬁ-
cient to break such types of emulsions. The latter must be nec-
essarily less stable than those formed by a great content of
asphaltene. The break of emulsions took only 4–7 min when
only 10 ppm of the tested demulsiﬁers was used. It wasnoteworthy that, as the asphaltene content increases in the
crude oil, the protecting ﬁlm of the emulsion becomes denser.
Moreover, the higher viscosity of the crude oil with a higher
asphaltene content (8.7%) may negatively attribute to reduce
the diffusion coefﬁcient of the demulsiﬁer molecules, thereby
inhibiting the demulsiﬁcation process. This is observed in
Fig. 5.
4. Conclusion
The conclusion of this work can be drawn in these following
points:
 Nine novel polyester surfactants based on aromatic amine
ethoxylates, as a diols, were prepared.
 The prepared polyesters were performed as demulsiﬁers to
break down the W/O emulsions.
 The demulsiﬁcation process was very sensitive to the molec-
ular weight of the polyesters, HLB, concentration and ethy-
lene oxide content.
 The asphaltene content in the crude oil composition and the
temperature of the process are very important factors
affecting the demulsiﬁer efﬁciency toward complete separa-
tion of water, from crude oil emulsions.
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